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Purpose: Hypertension is a known clinical risk factor for atherosclerosis. In experimental 
atherosclerosis, monocyte adhesion to the endothelial surface is enhanced and is considered 
to be an important early stage in plaque formation. We tested the hypothesis that 
hypertension enhances monocyte adhesion in experimental therosclerosis. 
Methods: Twenty-two New Zealand White rabbits were fed an atherogenic diet for 3 weeks 
to induce plaque formation. Aortic coarctation was created in eight rabbits by wrapping 
a Dacron band around the midport ion of  the descending thoracic aorta (stenosis group), 
whereas ix rabbits underwent banding without aortic constriction (no stenosis group). 
Eight rabbits erved as nonoperated controls. Monocyte binding to the aortic endothelial 
surface was counted with epifluorescent microscopy on standard aortic segments proximal 
and distal to the band. Immunohistochemistry was performed for the following 
antibodies: VCAM - 1, RAM 11, CD 11 b, and factor VI I I .  
Results: Mean blood pressure was 89 _+ 3 mm Hg in the aorta proximal to the stenosis, 
compared with 64 + 4 mm Hg in the no stenosis group and 74 + 3 mm Hg in the control 
group (p < 0.01). The mean aortic blood pressure gradient across the stenosis was 16 _+ 
2 mm Hg in the stenosis group, whereas the aortic blood pressure gradient was 0.2 + 0.6 
mm Hg in the no stenosis group and - 0.3 _+ 0.4 mm Hg in the control group (p < 0.001). 
Monocyte adhesion to the aortic endothelial surface proximal to the stenosis was increased 
twofold compared with adhesion to the aorta distal to the stenosis and compared with the 
proximal aorta in the control group (p < 0.02). The proximal-to-distal ortic ratio of  
monocyte binding was enhanced in the stenosis group (2.2) compared with the no stenosis 
(0.76) and control (0.83) groups (p < 0.01). The intima area of  the aorta proximal to the 
stenosis was significantly increased compared with the proximal aortas in the no stenosis 
and control groups (p < 0.01). RAMI1 ,  CDl lb ,  and endothelial VCAM-1 expression 
were enhanced in the hypertensive r gion proximal to the stenosis. 
Conclusions: In the hypertensive r gion in the aorta proximal to the stenosis, monocyte 
adhesion and endothelial VCAM-1 expression were increased, with intimal thickening and 
accumulation of  macrophages. These findings suggest hat hypertension may promote 
atherosclerotic plaque formation by enhancing monocyte adhesion. (J VASC SURG 
1996;23:596-605.) 
Hypertens ion is a wel l -known clinical risk factor 
tbr atherosclerosis. 1'2 The coronary, carotid, and pe- 
ripheral arteries are particularly susceptible to hyper- 
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tension-enhanced atherosclerosis. The mechanism by 
which hypertension enhances atherosclerosis is un- 
known. 
Monocytes are believed to be important  in early 
atherogenesis. Circulating monocytes adhere to the 
endothel ial  surface, migrate through endothelial  
junctions, and then take up lipid. 3 Early atherosde-  
rotic lesions are described as containing l ipid-laden 
macrophages and smooth muscle cells. Leading theo- 
ries on the pathogenesis o f  atherosclerosis describe 
endothel ial  dysfunction that may lead to enhanced 
monocyte adhesion. Experimental  studies have.sug - 
gested that monocyte adhesion is enhanced in ath- 
erosclerosis. 4,s 
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A few studies have examined leukocyte accumu- 
ltion in a region of hypertension, 6'7but no specific 
tudy has addressed the effect of hypertension on 
aonocyte adhesion. We tested the hypothesis that 
Lypertension enhances monocyte adhesion in ex- 
,erimental atherosclerosis. Monocyte adhesion, 
7CAM-1 expression, and macrophage accumulation 
rare measured in a region of hypertension that is 
nown to develop intimal plaque proximal to sur- 
:ically induced aortic stenosis. 
~ETHODS 
Twenty-two adult male New Zealand White rab- 
its weighing 2.5 to 3.5 kg were fed an atherogenic 
iet that consisted of l% cholesterol and 4% corn oil in 
:andard rabbit chow. Eight rabbits underwent tight 
3rtic banding (stenosis group), six underwent aortic 
anding without constriction (no stenosis group), 
ad eight served as nonoperated controls (control 
roup). After 3 weeks on an atherogenic diet all 
aimals were killed. Total serum cholesterol levels 
'ere obtained perioperatively and at the time of 
eath. 
Before surgery the rabbits were sedated with 50 
mg/kg ketamine and 5 to 7 mg/kg xylazine. Rabbits 
~at underwent horacotomy were intubated and 
mtilated with a volume ventilator under halothane 
lesthesia. Catheters were introduced into the central 
lr artery and the femoral artery to measure the blood 
mssure proximal and distal to the stenosis. The 
:scending thoracic aorta was exposed with a left 
toracotomy. A 5-mm band of Dacron was wrapped 
'ound the descending thoracic aorta and sutured to 
~elf. The band was tightened; the proximal and distal 
terial pressures were monitored simultaneously. In 
~e stenosis group, the target mean blood-pressure 
9 adient between the proximal and distal catheters 
as 20 to 25 mm Hg; the band was adjusted to obtain 
is gradient. In rabbits in the no stenosis group, the 
acron band was placed around the aorta and sutured 
, itself loosely; great care was taken to avoid any 
restriction of the aorta. The atherogenic diet was 
.'gun on postoperative day 1 for both surgical 
oups. The rabbits in the control group were directly 
dred with the stenosis rabbits and began their 
,percholesterolemic diet at the same time. 
After 3 weeks, the rabbits were sedated with 
tamine (50 mg/kg)  and xylazine (5 mg/kg  for 
.'nosis and control groups, 7 mg/kg for no stenosis 
oup), and catheters were introduced into both the 
r and femoral arteries. Proximal and distal mean 
3od pressures were recorded. The rabbits then were 
led with intravenous odium pentobarbital (150 
mg/kg).  The aortas were immediately excised, and 
the following standard anatomic segments of  aorta 
were sampled (Fig. 1): (1) an aortic ring 2 cm 
proximal to the stenosis, (2) a segment of  aorta 
extending from 0.5 cm to 2.0 cm proximal to the 
stenosis, (3) a segment of aorta extending from 0.5 
cm to 2.0 cm distal to the stenosis, and (4) an aortic 
ring 2 cm distal to the stenosis. The aortas from the 
stenosis and control groups were harvested simul- 
taneously; the aortas fi'om the no stenosis group were 
harvested separately. All protocols were approved by 
the Administrative Panel on Laboratory Animal Care 
at Stanford University, and these studies were per- 
formed in accordance with the recommendations of 
the American Association for the Accreditation of 
Laboratory Animal Care. 
Monocyte adhesion. Human mononuclear cells 
(THP- 1 ) were grown in Dulbecco's modified Eagle's 
medium supplemented with 10% (vol/vol) fetal calf 
serum and were kept in an atmosphere of  5% 
CO2/95% air. Human mononuclear cells have been 
shown in our laboratory to adhere to rabbit aortas 
equally with rabbit mononuclear cells, and thus were 
used tbr binding studies. Befbre binding studies, 
mononuclear cells were fluorescently labeled and 
allowed to incubate fbr 15 minutes at room tempera- 
ture in RPMI medium (Gibco/BRL, Tulsa, Okla.) 
that contained TRITC (3 btg/ml; Molecular 
Gibco/BRL Probes). The cell suspension was care- 
fully underlaid with a layer of fetal calf serum and then 
centrifuged at 400g to separate labeled cells from the 
remaining dye. The cells were washed in a complete 
medium and resuspended in Hanks' balanced salt 
solution (HBSS; Irvine Scientific; Santa Aria, Calif.), 
which contains 2 mmol /L  Ca 2+, 2 mmol /L  Mg 2+, 
and 20 mmol /L  HEPES. 
Alter removal of the adventitia, the aortic seg- 
ments were placed in cold physiologic saline solution. 
The vessels were opened longitudinally and placed on 
35-mm culture dishes that contained 2 ml HBSS. 
Each aortic segment was fixed to the culture dishes 
with 25-gauge needles to expose the endothelial 
surface to the medium; the segments were placed on 
a rocking platform for 5 minutes. The HBSS then was 
replaced with binding medium (HBSS supplemented 
with 2 mmol /L  Ca 2+, 2 mmol /L  Mg 2+, and 20 
mmol /L  HEPES) that contained THP-1 cells (2 ml, 
containing 10 a cells/ml). The aortic specimens then 
were incubated for 30 minutes on the rocker plat- 
form, and the cell-culture dishes were rotated 120 
degrees every 10 minutes. The medium was aspirated 
and replaced by 2 ml ti'esh binding medium and 
placed on the rocking platform for 5 minutes. A 
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Monocyte Adhesion 





Fig. 1. Diagramofthoracicaortawithcreationofstenosisbyaorticbanding. 
1.5-cm segments of aorta both proximal and distal to stenosis were used for 
monocyte adhesion assay. Histologic sections used for quantitative mor- 
phometry and immunohistochemistry are listed. 
second wash with binding medium then was per- 
formed. The aortic segments were removed from the 
culture dishes and placed on glass slides with the 
endothelial side up. Mononuclear cells that adhered 
to the endothelial surface were counted from 24 
high-power fields on each aorta with epifluorescent 
microscopy. The 24 fields were selected from a 
standard, predetermined grid pattern that was the 
same for each segment examined. The data is ex- 
pressed as the number of  adherent cells per mm 2 of 
aortic surface. 
Morphometry.  Light microscopic sections were 
prepared from the closed aortic rings 2 cm proximal 
and distal to the stenosis and were stained with 
hemat0xylin. The intima and media areas were calcu- 
lated with a commercial computer-controlled digi- 
tized tracer (Microcomp Image Analysis; Southern 
Micro Instruments; Atlanta, Ga.). Area calculations 
were determined by tracing contours of  the lumen, 
inner media, and outer media. 
Immunohistochemistry.  Five-millimeter aortic 
rings approximately 2 cm proximal and distal to the 
stenosis were immersed in ornithine carbamoyltrans- 
ferase (OCT) and then snap-frozen i liquid nitrogen 
and stored at -75 ~ C. Six-micrometer thick aortic 
cross-sections were cut with a cryostat and mounted 
onto gelatin-coated glass microscope slides. The sec- 
tions were air dried and fixed overnight in absolute 
acetone at -20  ~ C. Before staining, the slides were 
removed from the acetone, air dried, and rehydrated 
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Table I. Hemodynamic and metabolic parameters 
Cholesterol 
Proximal BP Distal BP Gradient BP Cholesterol at 3 weeks 
(mm Hg) (mm Hg) (ram I-tg) at baseline (mg/dl) (mg/dl) 
Stenosis 89 + 3* 73 + 2 15.6 +- 2.2* 43 + 5 847 + 157 
No stenosis 64 _+ 41" 64 + 3 0.2 + 0.6 41 + 6 1285 + 84 
Control 74 + 3 74 + 3 -0.3 + 0.4 53 + 6 938 -+ 176 
Expressed as mean arterial blood pressure or total cholesterol level _+ SEM. Gradient BP is the difference between proximal and distal arterial 
pressure. The cholesterol level at time of death (3 wks) was statistically elevated compared with the baseline cholesterol level for all three 
groups. 
BP, Blood pressure. 
*p < 0.01; Stenosis vs both no stenosis and control. 
~fp < 0.05; No stenosis vs control. 
Table II. Morphologic hanges in proximal 
and distal aorta 
Ratio • 100 
Intima Media intima to 
area mm 2 area mm 2 media 
Stenosis 
Proximal 0.712 + 0.2* 3.6 + 0.6 19.1 -+ 4.4* 
Distal 0.000 + 0.0 3.3 + 0.5 0.0 + 0.0 
No stenosis 
Proximal 0.045 + 0.03 4.4 + 0.4:[: 1.2 + 1.0 
Distal 0.003 + 0.0~f 2.8 + 0.4 0.1 + 0.11" 
Control 
Proximal 0.001 + 0.0 3.5 + 0.6 0.00 + 0.0 
Distal 0.000 + 0.0 2.3 _+ 0.3 0.0 + 0.0 
Ratio is defined as intima area divided by media area. 
*p < 0.01; Proximal stenosis vs distal stenosis, proximal no stenosis, 
and proximal control. 
1.p < 0.05; Distal no stenosis vs distal stenosis and distal control 
aorta. 
:~p < 0.05; Proximal vs distal. 
in phosphate-buffered saline solution for 5 minutes. 
Individual sections were incubated with 50 B1 of the 
following mouse monoclonal primary antibodies in 
diluent: anti-CDllb (Biosource; Camarillo, Calif.), 
RAM11 (Dr. A. M. Gown, Univ. of Washington, 
Seattle), and anti-VCAM-1 (Dr. M. I. Cybulsky, 
Brigham and Women's Hospital, Boston). The sec- 
tions were rinsed briefly and washed in phosphate- 
buffered saline solution for 20 minutes. This wash was 
followed by incubation with rabbit anti-mouse im- 
munoglobulins conjugated with peroxidase (Dako; 
Carpinteria, Calif.). The tissue was washed for an 
additional 20 minutes and developed with 3,3'- 
diaminobenzidine, H202 (Sigma Chemical; St. 
Louis). The sections were washed in water and 
counterstained with Gill's hematoxylin no. 3 (Sigma). 
Polyclonal goat anti-human factor VIII (Atlantic 
Antibodies; Silverwater, Mich.), which cross-reacts 
with rabbit endothelial cells, was used to evaluate the 
integrity of the endothelium. Incubation and washing 
procedures similar to those described previously were 
Table III. Antibody expression 
Stenosis No stenosis Control 
Antibody location (%) (%) (%) 
VCAM- 1 
Proximal 74 + 13"1. 18 + 10 4 + 4 
Distal 11 + 11 23 + 15 1 + 1 
RAMl l  
Proximal 100 + 0* t 51 + 9"~ 4 + 4 
Distal 3 _+ 2 15 + 6w 2 + 2 
CDl lb  
Proximal 87 _+ 5"1. 13 + 12 0 + 0 
Distal 0 + 0 2 + 1 0.3 + 0.2 
Factor VIII 
Proximal 97 + 2 100 + 0 100 _+ 0 
Distal 100 + 0 100 + 0 100 + 0 
Expressed as percentage antibody staining the circumference of the 
endothelial surface + SEM. 
*p < 0.05 for proximal vs distal in the same column. 
tP < 0.05 for proximal stenosis vs both no stenosis and control 
proximal aorta. 
~p < 0.05 for proximal no stenosis vs proximal control. 
w < 0.05 for distal no stenosis vs both distal stenosis and distal 
control. 
used. RAM11 and CD11b are both mouse mono- 
clonal antibodies to rabbit macrophages. VCAM-1, 
the vascular cell-adhesion molecule, is a member of 
the immunoglobulin gene superfamily and functions 
as a receptor for monocytes, lymphocytes, and other 
molecules. 8 
Quantitation for VCAM- 1, RAM 11, CD 1 lb, and 
factor VIII expression was performed by quantitative 
morphometry. Total ength of antibody staining at the 
endothelial surface and perimeter of lumen were both 
calculated. The expression of antibody staining is 
expressed as percentage staining of the endothelial 
surface (total length of antibody staining + perim- 
eter • 100). 
Statistics. Results are expressed as the mean + 
SEM except for ratio data, which is expressed as the 
geometric mean. Statistical analysis was performed 
either with one-way analysis of variance, Student's 
t test, or Mann-Whitney rank sum test. For the ratio 
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Fig. 2. Microscopy of fluorescent mononuclear cells adhered to aortic endothelial surface 
(magnification, 10• A, Aorta proximal to stenosis. B, Aorta distal to stenosis. 
data, one-way analysis of variance was performed on 
the logarithmic transformed ata. Significance was 
assumed when p < 0.05. 
RESULTS 
Diet. Animals in each of the three groups main- 
tained stable and comparable body weights through- 
out the experiment. Before the atherogenic diet, the 
average serum cholesterol level in the 22 rabbits was 
46 + 4 mg/dl .  Institution of the special diet resulted 
in a rise in serum cholesterol to 1000 + 93 mg/d l  at 
3 weeks (p < 0.001 ). The cholesterol level was similar 
in all three groups. 
Hemodynamic  data. Immediately before each 
rabbit was killed, blood pressure was measured proxi- 
mal and distal to the stenosis and was recorded as 
mean arterial pressure (Table I). The proximal aorta 
of the stenosis group was exposed to hypertension 
(89 + 3 mm Hg) compared with the proximal aorta in 
the no stenosis group (64 + 4 mm Hg) and the 
control group (74 +_ 3 mm Hg) (p < 0.01). Mean 
arterial pressure was greater in the proximal aorta of 
the control rabbits than in the proximal aorta of the 
no stenosis rabbits because 40% more xylazine was 
administered to the no stenosis rabbits before blood 
pressure measurements. The mean arterial blood 
pressure in the distal aortas of the three groups did not 
differ. The stenosis group had a mean gradient of 
15.6 + 2.2 mm Hg (mean car pressure - mean femo- 
ral artery pressure), which was significantly elevated 
compared with 0.2 + 0.6 mm Hg in the no stcnosis 
group and - 0.3 + 0.4 mm Hg in the control group 
(p < 0.001). 
Intima and media area. The 0.71 + 0.2 mm ~ 
intimal area in the proximal thoracic aorta of the 
stenosis group was significandy increased compared 
with 0.05 + 0.03 mm 2 in the no stenosis group and 
0.001 +_ 0.0 mm 2 in the control group (Table II). The 
proximal aortic intimal area in the stenosis group was 
significantly greater than the distal aortic intimal area. 
Distal aortic intimal area was greater in the no stenosis 
group than in either the stcnosis or control groups. 
Medial area in the proximal aorta was similar among 
the three groups, as was the medial area in the distal 
aorta. As expected, the proximal aorta tended to have 
a larger medial area than did the distal aorta because 
the proximal thoracic aorta is larger than the distal 
thoracic aorta. The ratio ofintima to medial area was 
markedly increased in the stenosis group (>15-fold) 
compared with the no stenosis and control groups in 
the proximal aorta. 
Monocyte adhesion. Monocyte adhesion to the 
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Fig. 3. Monocyte adhesion to aortic endothelial surface in stenosis and control groups, 
expressed as number of monocytes per mm2+ SEM. Monocyte adhesion is enhanced in 
hypertensive aortic segment proximal to stenosis. "p < 0.02 compared with both groups distal to 
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Fig. 4. Geometric means for ratio ofmonocyte adhesion in proximal aorta to distal aorta for the 
three groups are listed as horizontal bars. Proximal-to-distal aortic ratio ofmonocyte adhesion is 
listed for each rabbit (circles). *p < 0.01 compared with no stenosis and control groups. 
aortic endothelial surface was significantly increased 
in the proximal aorta of the stenosis group compared 
with the distal aorta of  the stenosis group; however, 
this difference was not present in the no stenosis and 
control groups. Monocyte adhesion also was signifi- 
cantly greater in the hypertensive proximal aorta of 
the stenosis group than in the proximal aorta of  the 
control group (Figs. 2 to 4). Monocyte adhesion 
between the distal aortas of the stenosis and control 
groups did not differ. Direct comparison ofmonocyte 
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adhesion in the stenosis and control groups was 
possible because both aortas were harvested simulta- 
neously (Fig. 3), which controlled for the variability 
inherent in the functional binding assay for mono- 
cytes. The monocyte adhesion study for the no 
stenosis group was done separately. The variability of 
monocyte adhesion was controlled for in this group 
by calculating the ratio of  monocyte adhesion in the 
proximal aorta to the distal aorta and by comparing 
this ratio with a similar atio in the stenosis and control 
groups. The ratio was 0.76 in the no stenosis group 
and 0.83 in the control group (Fig. 4). The proximal- 
to-distal ratio of  monocyte adhesion in the stenosis 
group was 2.2; this enhancement was statistically 
significant when compared with the other two 
groups. 
Immunohistoehemistry. Integrity of  the endo- 
thelial ayer was verified in each animal by staining the 
proximal and distal aortas with factor VIII. Factor 
VIII staining in all the aortic segments of  the three 
groups was 100% except for the proximal aorta in the 
stenosis group, which had 97% staining. This was not 
statistically different from the other groups (Table 
III). 
Endothelial VCAM- 1 expression was increased in 
the hypertensive proximal aorta compared with the 
distal aorta of the stenosis group (Fig. 5). VCAM-1 
expression was also higher in the proximal aorta of the 
stenosis rabbits than in the proximal aortas in the 
other two groups. VCAM-1 staining in the distal 
aortas for the three groups of rabbits did not differ. 
RAM11 antibody staining in the thoracic aorta 
proximal to a stenosis was significantly elevated com- 
pared with its distal aortic counterpart and with the 
proximal thoracic aorta in the control and no stenosis 
groups. There was very little RAM11 macrophage 
expression in the distal aortas of all three groups; 
however, there was less RAM11 staining in the aorta 
distal to the stenosis compared with the aorta distal to 
no stenosis. In the hypertensive proximal aorta of the 
stenosis group, significant staining of RAM11 in the 
entire intima was consistent with infiltration of a large 
number of macrophages. 
CD1 lb is another marker for macrophages, and 
the findings were similar to those of RAM11, except 
that antibody staining in the distal aortic segments of 
the groups did not differ. 
DISCUSSION 
We found that monocyte adhesion is increased in 
a region of hypertension proximal to the stenosis, that 
RAM11, CD11b, and endothelial VCAM-1 expres- 
sion are enhanced proximal to a stenosis, and that 
intimal area is significantly increased in the hyperten- 
sive region of the proximal thoracic aorta of the 
stenosis group ofhypercholesterolemic rabbits. 
The clinical manifestations of hypertension a d its 
association with coronary artery diseaseX,9 and periph- 
eral occlusive disease 1~ are well known. Experimen- 
tal studies have also indicated that hypertension 
enhances atherosclerosis. Previous studies that used 
aortic banding to produce proximal aortic hyperten- 
sion in hypercholesterolemic primates revealed in- 
creased plaque in the thoracic aorta proximal to the 
stenosis and increased coronary and carotid athero- 
sclerosis.1 s,14 Similar studies that used hypercholester- 
olemic rabbits also showed increased aortic athero- 
sclerosis proximal to an aortic coarctation. 1 s,16 Plaque 
was well established after 3 to 6 months of  an 
atherogenic diet in these studies. Our findings of 
increased intimal thickening is in agreement with 
these previous investigations. The mechanism by 
which hypertension potentiates atherosclerosis is un- 
known. Some investigators have suggested that hy- 
pertension i duces alterations in sodium and calcium 
influx, wall composition, vasoactive hormones, and 
leukocyte adherence} s,17,1s 
Monocytes are believed to play an important role 
in early and late atherogenesis. For this reason, much 
attention has been focused on monocyte adhesion 
and expression of  monocyte adhesion molecules. 
Monocyte adhesion to the endothelial surface fol- 
lowed by diapedesis nto the subendothelial space and 
migration can occur within 1 week of feeding a 
hypercholesterolemic diet in primates.19 This process 
is thought o lead to fatty streak formation. Mono- 
cytes isolated from human patients with hypercholes- 
terolemia and hypertriglyceridemia adhere to cul- 
tured human umbilical-vein cells to a greater extent 
than monocytes harvested from normocholester- 
olemic patients,  Monocyte adhesion to the thoracic 
aorta in rabbits increased threefold after 2 weeks of  an 
atherogenic diet when compared with rabbits fed a 
normal diet. 4 
In our study, monocyte adherence to the rabbit 
aortic endothelial surface in the hypertensive r gion 
proximal to the stenosis increased twofold compared 
with the nonhypertensive regions in the other groups. 
This is the first demonstration f  enhanced monocytc 
adhesion in a region of hypertension. It is also 
noteworthy that monocyte adhesion did not differ 
between the no stenosis and control groups, in which 
blood pressure between the proximal and distal aortic 
segments did not differ. Although these findings 
suggest that hypertension may be an  important 
modulator ofmonocyte adhesion, other factors uch 
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Fig. 5. Immunohistochemistry for VCAM-1 expression (Magnification, 10x). A, Proximal 
aorta in specimen with no stenosis; B, aorta proximal to stenosis; C, distal aorta in specimen with 
no stenosis; D, aorta distal to stenosis. VCAM-1 (brown stain) expression isenhanced proximal 
to stenosis. Arrow, internal elastic lamina. Note the significant intimal thickening proximal to 
stenosis. 
as pulse pressure, wall motion, and wall stress also may 
play a role in this experimental model, Given that this 
study involved hypercholesterolemia, it would be 
difficult to rule out the possibility that the hyperten- 
sion enhanced lipid ingress, which resulted in in- 
creased monocyte adhesion. 2~ Low shear has bccn 
correlated with enhanced monocyte adhesion22; how- 
ever, it is unlikely that shcar was significantly affected 
proximal to the stenosis. Glass models of stenoses 23
demonstrate little change in shear proximal to a 
stenosis. Distal to the stenosis, glass models demon- 
strate secondary flows at the wall with oscillatory 
shear, yet atherosclcrosis was mimmal distal to the 
stenosis. These findings suggest that wall shear stress 
is not the primary mechanism for the increased 
monocyte adhesion and atherosclcrosis that is present 
proximal to the stenosis. 
Only a few studies have examined the relation- 
ship between hypertension and leukocyte adhesion. 
Kowala et al.24 studied hypertension in the rat aorta by 
clipping one of  the renal aortas or performing aortic 
ligation, and found that after 2 weeks atherosclerosis 
and leukocyte emigration were increased. The au- 
thors speculated that leukocyte adhesion may have 
been enhanced but did not specifically measure in- 
creased adhesion. McCarron et al.,6 who used nor- 
motensive and spontaneously h pertensive rat brain 
endothelial cells under cytokine stimulation, demon- 
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strated increased intracellular adhesion molecule ex- 
pression in the hypertensive ndothel ial  cells. The 
constitutive xpression o f  intracellular adhesion mol- 
ecule, however, was not  increased in the hypertensive 
rat. In contrast, Arndt  et al. 7 found no difference in 
leukocyte adherence to mesenteric venules in both 
normotensive and hypertensive rats, and demon-  
strated areduct ion in leukocyte adherence in response 
to inf lammatory exogenous timuli. Monocytes are 
considered significantly more important  than neutro-  
phils and lymphocytes in the ear lystages o f  athero- 
genesis, which may explain the contradictory results 
in the l iterature that have not specifically examined 
monocyte adhesion in an area of  hypertension. 
The adhesive propert ies o f  vascular endothel ium 
have received much attention recently, and it is 
believed that induct ion o f  endothel ial- leukocyte ad-
hesion molecules may contr ibute to monocyte re- 
cruitment in arteries. VCAM-  1 is enhanced in animals 
who are fed an atherogenic diet. 8 VCAM-1 is a 
cytokine inducible adhesion marker that is believed to 
bind to the [31 integrin receptor VLA-4 on the 
monocyte.  25 Endothel ial  VCAM-1 expression was 
enhanced in the hypertensive segment o f  aorta. Our  
findings o f  increased RAMl l  and CDl lb  macro- 
phage expression further support  he hypothesis that 
plaque development includes monocyte diapedesis 
and subendothel ial  ccumulat ion o f  l ipid-laden mac- 
rophages. 
As indicated in Table I I I ,  RAM11 expression is 
higher (with a concomitant  trend in VCAM-  1 expres- 
sion) in the distal aorta o f  the no stenosis group than 
in the control  and stenosis groups. Surgical induction 
o f  cytokines and other inf lammatory mediators may 
explain the difference seen in the no stenosis and 
control  rabbits. The reduct ion in RAM11 distal to the 
stenosis may be related in part to the known effect of  
reduced atherogenesis distal to an aortic coarcta- 
tion. 16 As indicated in Table I I ,  int ima area was 
statistically reduced distal to the stenosis compared 
with that o f  the no stenosis group, even though both 
areas were very small. 
CONCLUSION 
We demonstrated that exposure o f  the aorta to 
increased b lood pressure results in increased mono-  
cyte adhesion and endothel ial  VCAM-1 expression 
with intimal thickening and macrophage accumula- 
t ion in hypercholesterolemic rabbits. These findings 
suggest hat hypertension may promote  atheroscle- 
rotic plaque formation by enhancing monocyte ad- 
hesion. 
REFERENCES 
1. KannelWB, Schwartz MJ, McNamara PM. Blood pressure and 
risk of coronary heart disease: the Framingham study. Diseases 
of the Chest 1969;56:43-52. 
2. Vogt MT, Wolfson SK, Kuller LH. Segmental rterial disease in
the lower extremities: correlates of disease and relationship to 
mortality. J Clin Epidemiol 1993;46:1267-76. 
3. Ross R. The pathogenesis ofatherosclerosis: a perspective ibr 
the 1990s. Nature 1993;362:801-9. 
4. Tsao PS, McEnvoy LM, Drexler H, Butcher EC, Cooke JP. 
Enhanced endothelial dhesiveness in hypercholesterolemia is 
attenuated byL-arginine. Circulation 1994;89:2176-82. 
5, de Gruijter M, Hoogerbrugge N, van Rijn MA, Koster JF, 
Sluiter W, Jongkind JF. Patients with combined hypercholes- 
terolemia-hypertriglyceridemia show an increased monocyte- 
endothelial cell adhesion in vitro: triglyceride l vel as a major 
determinant. Metabolism 1991;40:1119-21. 
6. McCarron RM, Wang L, Siren AL, Spatz M, Hallenbeck JM. 
Adhesion molecules on normotensive and hypertensive rat 
brain endothelial cells. Proc Soc Exp Biol Med 1994;205:257- 
62. 
7. Arndt H, Smith CW, Granger DN. Leukocyte-endothelial cel
adhesion in spontaneously hypertensive and normotensive 
rats. Hypertension 1993;21:667-73. 
8. Li H, Cybulsky MI, Gimbrone MA Jr., Libby P. An athero- 
genic diet rapidly induces VCAM-1, a cytokine-regulatable 
mononuclear leukocyte adhesion molecule, in rabbit aortic 
endothelium. Arteriosclerosis and Thrombosis 1993;13:197- 
204. 
9. Julius S, Jamerson K, Mejia A, Krause L, Schork N, Jones K. 
The association of borderline hypertension with target organ 
changes and higher coronary artery risk: Tecumseh blood 
pressure study. JAMA 1990;264:354-8. 
10. Fine-Edelstein JS, Wolf PA, O'Leary DH, et al. Precursors of 
extracranial carotid atherosclerosis in the Framingham Stud),. 
Neurology 1994;44:1046-50. 
11. Barbagallo CM, Averna MR, Novo S, et al. Apo-lipoprotein 
profile in subjects with extracranial carotid atherosclerosis. Int
Angiol 1994;13:223-8. 
12. LaMorte WW, Scott TE, Menzoian JO. Racial differences in
the incidence of femoral bypass and abdominal aortic anew 
rysmectomy in Massachusetts: relationship to cardiovascular 
risk factors. J VAsc SURG 1995;21:422-31. 
13. Xu C, Glagov S, Zatina MA, Zarins CK. Hypertension sustains 
plaque progression despite reduction ofhypercholesterolemia. 
Hypertension 1991;18:123-9. 
14. Hollander W, MadoffI, Paddock J, Kirkpatrick B. Aggravation 
of atherosclerosis by hypertension i a subhuman primate 
model with coarctation fthe aorta. Circ Res 1976;38(6 Suppl 
2):63-72. 
15. Roux SP, Kuhn H, Lengsfeld H, Morand OH. Effects of 
chronic aortic coarctation on atherosclerosis and arterial lipid 
accumulation in the Watanabe hereditary hyperlipidemic 
(WHHL) rabbit. Atherosclerosis 1992;93:123-32. 
16. Cozzi PJ, Lyon RT, Davis HR, Sylora J, Glagov S, Zarins CK. 
Aortic wall metabolism in relation to susceptibility and resis- 
tance to experimental therosclerosis. J VAsc SURG 1988;7: 
706-14. 
17. Chobanian AV. The influence of hypertension and other 
hemodynamic factors in atherogenesis. Progress in Cardiovas- 
cular Diseases 1983;26:177-96. 
18. Wolinsky H. Long-term effects of hypertension on the rat 
JOURNAL OF VASCULAR SURGERY 
Volume 23, Number 4 Tropea ct al. 605 
aortic wall and their elation to concurrent aging changes. Circ 
Res 1972;30:301 9. 
19. Faggiotto A, Ross R, Harker L. Studies of hypercholester- 
olcmia in the nonhuman primate. I. Changcs that lead to f:at~ 
streak fbrmation. Arteriosclerosis 1984;4:323-40. 
20. Duncan LE, Buck K, Lynch A. The cffect of pressure and 
stretching on the passage of labeled albumin into the canine 
aortic wall. Journal of Athcrosclerosis Research 1965;5:69-79. 
21. Smith EB, Slatcr RS. Relationship bctween low-density lipo- 
protein in aortic intima and serum lipid lcvels. Lancet 1972; 
1:463-9. 
22. Walpola PL, Gotlieb AI, Langillc BL. Monocyte adhesion and 
changes in endothelial cell number, morphology, and F-actin 
distribution elicited by low shear stress in viw). Am J Pathol 
1993;142:1392-1400. 
23. Ahmed SA, Giddens DE Pulsatilc post steuotic flow studies 
with lascr Doppler anemometry. J Biomcch 1984;17:695- 
705. 
24. Kowala MC, Cuenoud HF, Joris I, Majno G. Cellular changes 
during hypertension: a quantitative study of the rat aorta. Exp 
Mol Pathol 1986;45:323-35. 
25. Elices MJ, Osborn I,, Takada Y, et al. VCAM-1 on activated 
endothelium interacts with the leukocyte integrin VLA 4 at a 
site distinct from the VLA-4/fibroncctin binding site. Cell 
1990;60:577 84. 
Submitted March 13, 1995; acceptcd August 29, 1995. 
